Abstract. The residual stress profiles in Cu and Al coatings sprayed using kinetic metallization to thickness of ~2 mm have been studied. Due to specific parameters of the cold-spray process and particular combination of materials, coatings and substrates, the residual stresses are low with magnitudes of the order of a few tens of MPa. This poses challenges on accuracy and resolution when measuring through-thickness stress distributions. Three experimental techniques -neutron diffraction, X-ray diffraction and a slitting method -were used to measure throughthickness stress distributions in the substrate-coating systems. All three techniques demonstrated acceptable accuracy and resolutions suitable for analyzing stress profiles. Advantages and disadvantages of each technique are discussed.
Introduction
Coatings of many different materials and thicknesses find their use in various surface enhancement applications such as wear resistance, corrosion protection, insulation, etc. They can be deposited on surfaces of engineering components by a number of techniques including thermal and cold spray. These techniques are energetic processes that generally induce residual stresses either through thermal effects or kinetic impact. The residual stresses can be detrimental for the coating's mechanical integrity or functional performance, therefore stress control or mitigation is usually required.
For coatings with thickness of a few millimeters, several stress measurement techniques can be used. Neutron diffraction stress measurement has proven to be a useful method for thick [1] and thin coatings [2] owing to some advantages: It is non-destructive and it can provide the required high resolution (down to 0.2 mm); No special sample preparation (e.g. cutting and polishing, as for X-rays) is required: Measurements can be done in a reasonable time (minutes per datum) and with high accuracy (uncertainty can be better than 5 MPa). The slitting method, despite it being a destructive technique, has also been proven to be an efficient method for stress measurements due to the high spatial resolution and accuracy it provides [3] . The laboratory Xray diffraction technique is not commonly used for through-thickness stress measurement in coatings, nor is it associated with high spatial resolution as required for the investigation of coatings. Some advances in the technique [4] and demonstration of its ability in application to thin (~1 mm) metal sheets [5] open opportunities for a new application of this technique. Since the laboratory X-ray technique is most accessible, it gives certain advantages to this technique. In this work we report on an experimental study of the residual stress analysis in cold-spray coatings made with the three techniques mentioned.
Sample production
Two coatings were sprayed using the kinetic metallization (KM) cold-spray technique with a simple convergent barrel nozzle at a nozzle standoff distance of 12 mm and a nozzle traverse speed of 50 mm/s. The gas temperature-pressure conditions, optimized for deposition efficiency and reported in Table 1 were also used to estimate the exit velocity of the particles.
The deposition of powder on flat copper coupons (30 × 30 mm 2 , 3 mm thickness) resulted in coatings with a thickness of ≈ 2.1 mm for both materials. Sample characterization (i) For measurements of the Young's modulus, rectangular specimens were extracted from the bulk of the coating with approximate dimensions 30 × 5 × 2 mm 3 . The Young's modulus E was determined using the impulse excitation technique (ASTM standard E1876) through acoustic measurements of the normal frequency and the sample dimensions. The accuracy of this method was better than 1 %. The same samples were used for density ρ measurements (Table 2) .
(ii) In order to determine the phase composition, the full neutron diffraction patterns were measured (using the very same bar samples used for the Young's modulus measurement) in the 2θ range of 10° -160° at a wavelength of 1.62 Å using high-resolution powder diffractometer ECHIDNA at the ANSTO OPAL research reactor [6] . The volume fractions of the phases were extracted through a refinement procedure ( Table 2) . 
Neutron residual stress measurements
The neutron diffraction residual stresses measurements were carried out at the NIST Center for Neutron Research using the BT8 residual stress diffractometer [7] . In correlation to the sample thicknesses a 0.5 × 0.5 × 18 mm 3 sized gauge volume was used. For the most optimal definition of the gauge volume a 90˚ (2θ B ~ 90˚) diffraction geometry was employed by setting the take-off angle 2θ M of the Si(311) monochromator and the wavelength λ accordingly (Table 3) . Through- were measured with sufficient statistics to provide at least 5×10 -5 uncertainty in the strain. Since Cu is a stronger neutron scatterer, 10 minutes per measurement point (t) were adequate for Cu, while 90 minutes were required for Al. Assuming a balanced biaxial plane-stress state, the stress values were calculated according to the procedure [1] from the measured d-spacings and the diffraction elastic constants estimated by the self-consistent Kröner method [9] (Table 3) . 
X-ray diffraction measurements
On completion of the neutron diffraction measurements, the samples were cut in halves and the surface of the cross-sectional cut investigated with X-ray measurements (after appropriate surface preparation). The measurement technique used in the high spatial resolution measurements was described previously [4] . It utilizes a very narrow vertical beam, 0.05 mm in our case, a combination of Ω-and Ψ-angles, as well as sample rotation applied in such a way that ensures that the X-ray beam projection remains parallel to the surface/interface, therefore representing the same through-thickness depth, and does not exceed the desired spatial resolution, 0.1 mm in our case. The Cu-tube K-α radiation was used to measure the Cu(420) and Al(511/333) reflections. Although measurement time with such a small beam is an order of magnitude longer (t = 120 seconds for each orientation), many through-thickness locations could be measured in the available beamtime. The experimental details of the X-ray measurements are summarised in Table 4 .
The primary interest was on locations immediately adjacent to the interface, thus posing a challenge for the neutron technique. Thus, 6 points in each coating were measured in steps of 0.1 mm with the first point located 0.1 mm away from the interface. The average uncertainty of Xray stress values was better than 5 MPa, a prerequisite to resolve subtle stress variations.
An attempt was also made to measure stresses in the Cu substrate, but due to the large grains, statistical variations were too great to provide a reliable result notwithstanding measurements taken for two Cu reflections, Cu(420) and Cu(331) and used in combination. Therefore, this data was omitted from the publication. 
Slitting measurements
For the slitting method stress measurements [3] , 5 mm thick slices were cut from each of the Xray samples to have 5 × 5 × 30 mm 3 bars available for these tests. (Through-thickness dimension size of 5.3 mm is composed of the 3.2 mm thick Cu substrate and a 2.1 mm thick coating). A strain gauge attached to the surface opposite to the coated surface was used to measure strain changes when a slit was cut through the sample thickness by wire EDM. Cut depth increments were 0.1 -0.2 mm, with a final cut depth of about 4.5 mm from the top surface. This allowed for reconstruction of the stresses in the coatings and most of the substrate thicknesses.
The reconstruction of the stress profiles from the strain gauge data was done in two different ways: The unit-pulse analysis approach using a Tikhonov regularisation to reconstruct stress profiles of different degrees of smoothness and statistical robustness; Eigenstrain analysis approach where the stress profile solution is sought within a priori determined class of functions (e.g. polynomial of n th order) as a best fit to the experimental data. A comparison of the two approaches is given if Fig. 2 for the Cu/Cu system. The second approach (eigenstrain, order = 1) in the case of sprayed coating has certain advantages since it is known that: (i) the stress profile in the substrate is a linear function (elastic bending response to bring about force and bending moment balances); (ii) the stress profile in the coating typically is a very smooth function, very close to a linear function (as demonstrated below by modelling results). In fact, this type of solution is the only one that can provide a reasonable result in the most difficult case, i.e. the Al/Cu system.
FEM modelling
The most critical part of the stress analysis in coatings is the geometrical conditions of the investigated samples and the relationship between measured stresses. In reality, the measured strains/stresses are not exactly the same (Fig. 3) : (i) The neutron measurements were done in the central part of the sample, away from the edges, ensuring that the original equi-biaxial (typical for most coatings) stress state is measured; (ii) For the X-ray technique measurements are made on a cut, so the stress state is not equi-biaxial anymore and the normal stress component is eliminated by the presence of a free surface. One in-plane component remains, but may be altered by the cut; (iii) For convenience of the slitting method, the original sample was altered even further. The second cut to produce a 5 mm bar further reduces constraints from the other parts of the half-sample, thus changing the stress state again.
To address the issue of the different sample geometries and relationships between stress states the Chill modelling approach [9] was applied on a generalized bi-metal two-layer plate sample to emulate the coating/substrate system. The system was 5 mm thick Al (E = 70 GPa) and 3 mm thick steel (E = 210 GPa) with plate dimensions 100 × 100 mm 2 . Instead of a stress profile generated by a deposition process, a stress profile was induced here thermally through a combination of different coefficients of thermal expansion and temperature increments. Using ABAQUS, the two consecutive cuts were simulated by tracing the stress relaxations and stress profiles at each step. The results of the simulation are given in Fig. 4 . Although some geometry effects are visible in the simulation as distortions of the stress profile from the ideal (theoretically linear), the general trend of the stress distribution demonstrates that a stress relaxation effect is observable, but not at a significant level. Some 80 -90 % of the original stress magnitude is preserved in the bar or edge sample. Although, some corrections (a factor) can be applied to account for the partial stress relaxation of the remaining in-plane component, but in our case this effect was considered negligible.
Results and discussion
The results of the three experimental methods are combined in Fig. 5 . Overall, all three methods demonstrated an ability to resolve the stresses with good accuracy, < 5 -10 MPa, even in the case of very subtle stress distribution in the Al/Cu system. It is therefore confirmed that any of the techniques is suitable for stress measurements in coatings. While neutrons and X-rays are in very good agreement, the slitting methods results have some visible deviation from the diffraction results, as is seen most vividly in the Cu/Cu system. Upon reviewing, there are at least two objective reasons for results of the slitting method to differ. Both of them are linked to the fact that the top surface is not smooth, but exhibits a significant variation of ±0.4 mm from the average, as measured from minimum and maximum values (Fig. 5) . Due to this, depending on the exact location of the EDM cut, the effective coating thickness can vary within a range, and strain relaxation readings will be sensitive to this effect. Secondly, for the stress reconstruction procedure, the coating and substrate thicknesses are parameters of the elastic model and therefore, if average (vs local) thickness is used, this will also impact the final stress values. In the cases of neutrons and X-rays, the measurement and stress calculation procedures rely on average parameters leading to more robust results with better agreement. 
